An optimized three-lead ECG hierarchial decision-tree type of classification system for myocpardial infarction is presented. For selection of the best threshold values for each criterion and the best association of features, we developed a procedure based on "receiver operating characteristic" (ROC) curve data analysis and information theory. Optimization was obtained through maximization of informa-
tion content of the criteria. The classifier is based on nine measurements that can be easily obtained by hand (Q X duration, Q/R Y amplitude, R Y amplitude, Q/R Y duration, Q Z amplitude, QRS and Taxes in the horizonital plane, Q Z duration and R Z amplitude) and achieved a satisfactory performance in an independent group of patients (true-positive ratio 0.853, false-positive ratio 0.105, average information content 0.308 bits).
THE ECG variables most critically affected by myocardial necrosis are well established. However, the best threshold values for these variables and the best association of features for ECG classification are still controversial.
Quantitative electrocardiography has revealed that the performance of an ECG test may be changed at will by altering the cutoff values of the respective variables. Selection of any one of these values may be governed by a specific objective, such as the identification of as many patients with a given condition as possible or, conversely, the classification as abnormal of the least number of patients without the disease. Usually, a reasonable compromise between these two extremes is adopted.
When the values attributed to a given ECG variable are gradually changed in successive classification experiments and the corresponding true-positive and false-positive ratios (TPR and FPR) are plotted against each other, the result is the so-called received operating characteristic (ROC) curve. These plots, developed as a method of observer performance analysis in detection experiments of electromagnetic signals transmitted through noisy channels,' are becoming of incre'asing interest in the study of medical decisionmaking problems, namely, the evaluation of diagnostic tests.24 Clinical diagnosis is essentially a classification procedure. The fact that different conditions to be distinguished or classified share a number of features lends a degree of uncertainty to any clinical diagnosis. Clinical tests, such as the ECG, aim at reducing the degree of this uncertainty. Information theory enables the measurement of uncertainty before and after a test is undertaken. The information content or clinical effectiveness of the test can then be computed on the basis of this measurement.7 8 A procedure for selection of the best threshold val-ues of ECG variables, as well as the best association of features for classification purposes, which is based on maximization of information content, is being used in our laboratory. The purpose of this report is to present the results obtained with this procedure for developing a decision-tree classification system for myocardial infarction (MI) that could be used for both computerassisted and manual reporting of three-lead ECGs.
Methods
Six hundred adult patients selected in accordance with a single protocol were divided into infarct and noninfarct groups on the basis of ECG-independent information. For inclusion in the infarct group, a welldocumented MI was required. Two hundred eightyseven patients admitted to the hospital for a typical episode of chest pain followed by characteristic enzyme elevations were considered to fulfill this requirement, and were included in the study. The noninfarct group (controls) was composed of 212 subjects in whom cardiac findings were normal as established by clinical history, physical examination, chest x-ray and blood and urine tests. One hundred one additional patients with left, right or biventricular overload due to valvular or congenital heart disease in whom MI could be excluded by clinical, angiographic and surgical data were included in this group. Ventricular overload patients were included with normal subjects in the control group to bring research conditions closer to the usual clinical setting, where MI tracings must be separated from normal as well as from other abnormal situations such as left and right ventricular hypertrophy. Patients with a QRS duration exceeding 125 msec were not included in the study.
ECG tracings were recorded on photographic film using a Hewlett-Packard apparatus and the Frank lead network; the electrodes were placed at the level of the fourth intercostal space with the patient supine. For better legibility, a recording speed of 100 mm/sec for scalar tracings and magnifications of 10 or 20 mm/mV for scalar tracings and 40 mm/mV for polar tracings were used. The amplitude and duration of the wave form components, as well as QRS-loop rotation on the frontal plane and T-loop orientation on the horizontal ECG DIAGNOSIS OF MI/Abreu-Lima et al. plane were obtained for each tracing. The measurements were taken by hand. These, together with the independent classification of each case, were recorded on a floppy disk for computer processing. Each case was automatically allocated at random to one of two independent groups, labeled "training" and "test." The training group consisted of two-thirds of the entire sample (192 MI patients, 142 normal subjects and 66 ventricular overload cases). Table 1 shows the classification of the patients according to clinical data. Table 2 shows the ECG variables analyzed, which included most of those easily obtained by hand and generally considered to be influenced by MI, irrespective of its location. Q/R duration ratios are not commonly used for MI recognition; nevertheless, these were studied on the assumption of their potential usefulness. The rationale for this inclusion is the same as for Q/R amplitude ratios.
Because no ECG-independent evidence of MI location was available, the infarct cases were not stratified according to areas of myocardial involvement. Thus, the classification problem simply consisted in separating infarcts from noninfarcts. However, for purposes of presentation, ECG criteria are grouped and referred to according to the locations of MI they are commonly considered to reflect: lateral, inferior, anterior and dorsal.
Each scalar variable was independently evaluated in each lead; the QRS frontal-plane axis was studied in conjunction with clockwise and counterclockwise loop rotation; Z-lead variables and the QRS horizontalplane axis were analyzed twice using opposite relational operators. For dorsal MI criteria, QRS variables were analyzed alone and in combination with T-loop orientation in the horizontal plane (T XZ OR) to improve specificity. Criteria combinations in the abovementioned instances were done in termns of AND logic (i.e., the test was considered positive if, and only if, both criteria were true). All of the following calculations were performed in the training group of patients. Aortic valve disease 17 6 Mitral valve disease 12 7 Aortic plus mitral valve disease 15 9 Pulmonary stenosis 10 5 Atrial septal defect (secundum type) 8 3 Tetralogy of Fallot axis was analyzed in combination with QRS loop rotation. These seven variables were investigated in Z lead twice, using opposite relational operators (greater than, less than) so that two independent groups of criteria for this lead (anterior and dorsal myocardial infarction groups) could be defined. For the last group, each of the seven variables were analyzed alone and combined in AND logic format with T-loop orientation in the horizontal plane.
The first step was to identify the numerical value of each variable that best discriminated between infarcts and noninfarcts. This was done by evaluating ROC curve data. The starting point for each ROC experiment was set at zero false positives. The corresponding threshold value was identified by analyzing the frequency distribution of the values in controls. This value was then increased or decreased by a fraction (times the number of iterations) to obtain progressively higher values of TPR. The fraction was chosen according to the precision of the corresponding measurement (5 msec for durations, 0.05 mV for amplitudes, 5% for ratios and 10 for angles). The experiment proceeded until the average information content (AIC) of the test had attained a maximum and started to decrease consistently. The threshold value of the variable under study that achieved the highest AIC was selected and retained for further analysis.
The next step was to identify the best combination of criteria thus obtained that optimally discriminated between infarcts and noninfarcts. The number of combinations of n items taken one at a time, two at a time, three at a time, etc., equals 2n -1. In our case, the number of single items was 28 (four groups of seven criteria, counting each pair of combined features in AND logic format as one). Testing the total number of combinations of these 28 discriminators would require a tremendous computing effort. Besides, in the development of a classifier, the use of too large a number of discriminators can lead to optimistic results that cannot be confidently extrapolated to the population. Therefore, the number of features whose associations were to be analyzed in the second step of our study was reduced to 14. This number corresponds roughly to the square root of the smallest sample in the training group of patients (192 MIs), a criterion formerly used in analogous classification problems.9 To obtain the 14 criteria, we selected a similar number of the best discriminators, according to the level of AIC, per group (the three best from the lateral MI criteria, the four best from the inferior criteria, the three best from the anterior criteria and the four best from the dorsal criteria) and assembled them in OR logic format (i.e., the test was considered positive if any of the criteria were true). In each experiment, each of the 400 cases was classified as infarct or noninfarct according to one of the 16,383 possible combinations of these 14 criteria. The AIC of the combination in question was computed so that the one that achieved the highest score could be selected.
The following step used the remaining patients (test group -95 MIs, 70 normal subjects and 35 ventricular overload cases), who represented a totally independent sample, for comparison. The classification system recently published by Pipberger et al.'0 was chosen as a reference standard. Although these criteria are intended mainly for epidemiologic investigations, the authors also recommend their application for clinical purposes, provided the more specific threshold values (level A)10 are used. Two separate classification experiments with Pipberger's criteria were undertaken. In one, only the criteria for identification of MI according to the four classical locationslateral, inferior, anterior and dorsal were used (codes 2-1 to 2-4). In the second experiment, the criteria applicable to males for differential diagnosis of anterior infarction from left ventricular hypertrophy (codes 21-1 to 21-2) and of dorsal infarction from right ventricular hyper-trophy (codes 22-1 to 22-2) were added to the first four. The AIC of each of these two sets of criteria was computed and the results were compared with those obtained using our own criteria in the same 200 patients. Because the same patient sample was used for comparison, no statistical test was performed.
Details on the calculation methods have been reported by Metz et al. 7 and Diamond et al.;8 they are summarized in the Appendix, which also lists Pipberger's codes. Computer programs were written in PDP-11 Fortran by one of the authors. A 16-bit computer (H-1 1) was used for computations. Tables 3 and 4 list the threshold values for each of the seven variables that best separated infarcts from noninfarcts when used alone. These are organized in four groups, each of which represents a particular MI area (lateral, inferior, anterior and dorsal). The variables are within each group in order of decreasing AIC.
Results

Analysis of the Performance of Individual Criteria
Q/R amplitude ratios either rank first or are among the best in all the groups. This finding seems to confirm the conclusions of previous studies'1-'3 about the merits of these ECG features for MI identification. There was considerable gain in information content mainly achieved through a reduction in the number of false positives when QRS and T features were combined. This was the only instance in which T features were considered. There are two reasons for this: first, as regards the other three groups of criteria and contrary to the dorsal group, satisfactory levels of TPR and FPR were obtained solely on the basis of QRS features; second, considering that repolarization changes after MI are more likely to return to normal than QRS changes over time, 14 if more T features were included in the classification system, the more its performnance would depend on the age of the infarction, a negative characteristic that we avoided as much as possible. Figure 1 shows the ROC curves pertaining to the variables that would be expected to change in inferior MI. The relative merit of the seven variables analyzed along a wide range of operating positions is apparent. The R Y amplitude curve crosses the Q/R Y amplitude curve at approximately 0.07 FPR coordinate. This finding suggests that the relative merit of some ECG features can change according to the operating position in the ROC curve. For inferior MI identification, for example, R Y amplitude seems to perform better than Q/R Y amplitude above a certain level of FPR. This can be of interest when looking for a highly sensitive single diagnostic feature and the number of false positives is not of primary concern.
Optimization of Criteria Associations Fourteen criteria, chosen from the best in each group, were used in the second part of the optimization procedure (1-1 to 1-3, 2-1 to 2-4, 3-1 to 3-3 and 4-1 to 4-4) (tables 3 The numbers (1-2, 2-1, etc.) assigned to each criterion in tables 3 and 4 have been kept for ease of cross-reference. Letters A-E refer to each of the five sets of criteria. The presence or absence of each particular item in each set is marked by + or blank, respectively.
Abbreviations: AQRS XZ = QRS axis in the horizontal plane; T XZ = T loop orientation in the horizontal plane.
training group of patients, five sets of these criteria had achieved the same and highest score of AIC. In each of these five sets, seven to nine single items were included. (QRS and T XZ OR combined features counted as one.) They all had six items in common (tables 3 and 4): 1-2, 2-1, 2-3, 3-1, 4-3 and 4-4. Other items shared by the sets were 2-4, which was present in three of the five sets, 4-1 also present in three, and 4-2, present in four. The composition of the five sets (A-E) is summarized in table 5.
Test Group Patients
The performance of these five sets decreased in this sample. It ranged from 0.279 (set A) to 0.308 (set E) bits of AIC (TPR 0.842, FPR 0. 124 and TPR 0.853, FPR 0.105, respectively). Because the empiric error rate of an experiment is bounded at the lower end of the distribution by the training error rate and at the upper end by the test error rate, the most advisable choice among these five sets is the one with the best performanceor the lowest empiric error ratein the test group of patients, i.e., the E set of criteria'5 (tables 5 and 6).
Results obtained with Pipberger's criteria'0 in these 200 patients ranged from 0.145 bits of AIC (TPR 0.610, FPR 0.105) for codes 2-1 to 2-4 and 21-1 to 22-2, to 0.255 bits of AIC (TPR 0.853, FPR 0.162) for codes 2-1 to 2-4 alone. * (See Appendix for codes description.) Figure 2 is a comparison of our classification system (table 6) ECG criteria to combine in a given diagnostic set. The 3 R Y amplitude < 0.30 mV gain in sensitivity thus obtained tends to be offset 4-Q/R Y d u r a m p l i t <0.30 mVby a loss in specificity. Our method of criteria optimization, measuring and comparing the information 5 Q Z amplitude < 0.10 mV content of the classification system whenever its con-6 AQRS XZ < -150 figuration is changed, seems to supersede the short-AND T XZ orientation < -450 comings of feature addition without loss of their 7 -QZ duration > 45 msec usefulness.
AND T XZ orientation < -60°A noteworthy finding of our study is the diverse nature of the ECG features that proved best for MI 8 concern. In this case, optimization is not only acceptable but desirable for sake of diagnostic efficiency. The fact that our classifier compared favorably with .4 .5 .6 .7 .8 .9 1 other. PREVALENCE FIGURE 2. Performance of the three sets of decision rules compared in the study. Curve A refers to the authors' criteria; curves P1 and P2 to Pipberger's criteria.10 P1 corresponds to 2-1 to 2-4 alone; P2 to these and 21-1 to 22-2 (see Appendixfor code descriptions). Areas under each curve correspond to the average information content of the respective classifier. The area under curve A is 21% greater than that under curve P1 and 112% greater than that under curve P2. CIRCULATION Codes 21-1 and 2i-2 are applicable when initial anteriorly directed electromotive forces are decreased or absent, i.e., only in presence of code 2-3; if 21-1 or 21-2 is exceeded, the record is diagnosed as left ventricular hypertrophy (in the case of the present study as noninfarct); if both measurements are below the indicated limits, the diagnosis is MI. Codes 22-1 to 22-2 are used when there is an abnormal anterior shift of QRS forces (code 2-4); when codes 22-1 and 22-2 are exceeded, the diagnosis of MI remains unchanged; when 22-1 is below and 22-2 above the indicated limits, the probability of right ventricular hypertrophy/ chronic obstructive pulmonary disease is greater and (in the case of the present study) the record is classified as noninfarct.
